Abstract
Introduction
Characterization of AF using the ECG is typically performed by first extracting the atrial component from the ECG [1] . Frequency analysis of the residual ECG after extraction of atrial activity has been suggested by several research groups for the purpose of estimating the dominant rate of the arrhythmia [2] , [3] . During the last years, a new generation of methods for atrial signal characterization has evolved with the ability to follow the dynamics of atrial signal properties, allowing more advanced studies of mechanisms and treatment strategies [4] , [5] , [6] .
Electrogram-based characterization of AF has been mainly focused on atrial organization by measuring the repetitiveness of consecutive activation [7] , spatial crosscorrelation decay [8] , or by using methods based on nonlinear dynamics [9] . Frequency analysis has also been used to measure activation rates in different parts of the atria [10] , [11] .
Recently, we have developed a method for timefrequency characterization of atrial tachyarrhythmias in the surface ECG. In the present paper, this method is extended to perform analysis of intra-atrial electrograms for the purpose of investigating and relating signal properties of the ECG and intra-atrial electrograms. The database used in this study is described in Sec. 2, and the method and results are presented in Secs. 3 and 4, respectively. Finally, the outcome of the present study is discussed in Sec. 5.
Database
This study includes 36 patients with drug-refractory AF who underwent pulmonary vein (PV) catheter ablation. Electrophysiologic atrial studies were performed using catheters positioned in the right atrial wall (one electrogram, n=36 and five adjacent electrograms, n=27), the coronary sinus (n=28) and the pulmonary veins (n=28). A subgroup of the patients was treated with amiodarone (n=7). Before proceeding with the ablation procedure, 12-lead ECG and endocardial electrograms were recorded and stored using a commercial recording system (Bard EP Lab System Duo, Billerica, USA). All recordings were sampled with 1 kHz and were of 10 seconds duration. A recording example with three ECG leads, following QRST cancellation, and five closely spaced right atrial electrograms is shown in Fig. 1. 
Methods
In this work, our sequential atrial signal characterization method, [4] , was used to analyze both ECG and intraatrial recordings. A brief description of the method along with a description of the different preprocessing strategies required for the two signal types are presented below. 
Time-frequency characterization
The sequential atrial signal characterization, originally developed for ECG analysis, is based on time-frequency analysis using a logarithmic frequency scale. The method is sequential in that it starts with a simple spectral profile constructed as a zero spectrum with a peak at a certain predefined frequency and then sequentially matches this spectral profile to each new time slice of the time-frequency distribution. The matching leads to robust estimation of the frequency and amplitude taking the entire spectrum into account in the estimation procedure. Once the estimates are determined the current spectrum is aligned and weighted into the spectral profile. In this way, the spectral profile will adapt to the signal and the estimation will become more and more robust as the spectral profile better represents the signal structure/morphology. For short signals, such as those used in this study, the spectral profile is instead initiated as the conventional spectrum of the signal and the adaptation rate is increased in order to converge faster. Alignment of two spectra which both have harmonic structures motivates the need for the logarithmic frequency scale.
The exponential decay of the harmonic magnitudes in the spectral profile is used as a coarse measure of waveform morphology. Large harmonics reflect a signal with sharp edges (short duration) compared to its period. Atrial tachycardia with isoelectric baseline (and P waves), with the main part of the energy in a small part of the period, typically has large harmonics, and thus a low exponential decay of the harmonic magnitudes. Medium harmonic magnitudes correspond to a signal whose energy is more evenly spread in time over the period, but still with relatively sharp edges. The "sawtooth-like" signals without isoelectric baseline have medium harmonic magnitudes and medium exponential decay. Finally, signals with low or no harmonics corresponds to a fluctuating signal without sharp edges. Thus, the decay of the harmonic magnitudes may be interpreted as a coarse measure of atrial organization; a tachycardia or sawtooth-like signal correspond to a more organized activation patterns compared to a more randomly fluctuating atrial signal.
The sequential characterization method uses overlapping windows of short duration (2.56 s long, 1 window per second) in order to provide trends of the different signal parameters. The method requires that the atrial signal is relatively clean from disturbances, its spectral content is below 25 Hz, and the harmonic pattern to only contain magnitudes lower than that of the fundamental frequency (which is typically the case for, e.g., lead V 1 ).
Two measures are extracted from the ECG (V 1 ) , namely average (temporal) frequency and exponential decay. From the intra-atrial signals, several measures are calculated: temporal frequency averages from each electrogram are spatially averaged into one frequency estimate for each part of the atria, i.e., for the right atrium, coronary sinus and pulmonary veins, respectively. For the recordings with five adjacent electrograms in the right atrium, the frequency dispersion (max-min), is also calculated and was based on five adjacent electrograms from anywhere on the catheter.
Preprocessing
The preprocessing stages needed to analyze the surface ECG signals are: pacemaker detection/suppression, beat detection/classification, QRST cancellation, quality control and decimation to 50 Hz. The intra-atrial signals have a completely different structure and requires different preprocessing. In order to make the intra-atrial signals suitable for the signal characterization method, a rectifier, an amplitude compressor and a lowpass filter is used instead. With this approach, the resulting signal has spectral characteristics similar to those of the atrial component of the ECG. At some atrial sites, the signal is still sharper than is typically the case in the body surface leads which may result in that the first harmonic is slightly larger than the fundamental. Therefore, the characterization algorithm for intra-atrial signals is modified such that all spectra are weighted with a linearly decreasing function before being compared with and introduced into the spectral profile. In this way, signals with sharper waveforms can be handled by the algorithm. Pacemaker suppression is, if needed, also performed for the intra-atrial signals although the detection is based only on the ECG leads. An overview of the preprocessing strategies is shown in Fig. 2 . In addition to the above processing, baseline filtering and powerline 
Results
For the entire database, the average frequency in lead V 1 was 5.91 Hz (std=0.94 Hz) and the overall average exponential decay was 1.31 (std=0.38). The invasively measured right atrial frequency dispersion was, based on recordings with multiple adjacent right atrial electrograms, in average 0.46 Hz. The correlation between the frequency (V 1 ) and exponential decay (V 1 ) was 0.53 (p<0.001, n=36) and the correlation between the average frequency in lead V 1 and the average (temporal and spatial) of the right atrial frequency was 0.81 (p<<0.001, n=36). In fact, the frequency in lead V 1 was slightly better correlated with the maximum frequency measured in the right atrium (0.94, p<<0.001) than with the spatially averaged frequency. See Figs. 4 (a) and (b) for the corresponding patient distributions. The correlation between the exponential decay (V 1 ) and the right atrial frequency dispersion was 0.53 (p<0.005, n=27) thus relating ECG morphology with For the subgroup of patients on amiodarone, the average frequency was 4.76 Hz (std=1.06 Hz) and for those not treated with amiodarone 6.19 Hz (std=0.66 Hz); the difference was significant with p<<0.001. Similarly, the exponential decay was in average 1.06 (std=0.29) for the amiodarone patients and 1.38 (std=0.38) for the others (p<0.05). These two measures indicate a more organized ECG pattern with slower rate and more distinct f-waves for the amiodarone patient compared to the others. When comparing with the invasively measured right atrial frequency dispersion, a similar pattern can be seen with a frequency dispersion of 0.27 Hz in the amiodarone patients and 0.50 Hz in those not on amiodarone. The distributions of lead V 1 frequency, exponential decay and right atrial frequency dispersion for patients with and without amiodarone is shown in Fig. 6 and are summarized in Table 1 
Discussion
This study has explored the pathophysiologic meaning of the ECG waveform expressed as the exponential decay by comparing it with invasively measured right atrial frequency characteristics. The exponential decay was correlated with right atrial frequency dispersion indicating that it may be used as a measure of AF organization. This is supported by the fact that patients treated with amiodarone, known to increase AF organisation, had lower exponential decay values as well as lower right atrial frequency dispersion [12] . There was also a strong correlation between exponential decay and frequency in lead V 1 (which is very well-correlated with intra-atrial frequency) which is in accordance with previous invasive studies showing that more organized AF has lower frequency [13] .
